3 H]glucose) techniques were used in conscious 42-h-fasted dogs. Experiments consisted of equilibration (Ϫ120 to Ϫ30 min), basal (Ϫ30 to 0 min), and experimental (EXP; 0 -270 min) periods. During EXP, somatostatin, fourfold basal intraportal insulin, basal intraportal glucagon, and peripheral glucose (to double the hepatic glucose load) were infused. Saline (SAL) was infused intraportally during 0 -90 min (P1), and fluvoxamine was infused intraportally at 0.5, 1, and 2 g ⅐ kg Ϫ1 ⅐ min Ϫ1 from 90 to 150 (P2), 150 to 210 (P3), and 210 to 270 (P4) min, respectively, in the FLUV group (n ϭ 8). The SAL group (n ϭ 9) received intraportal saline during 0 -270 min. NHGU in SAL was 13.9 Ϯ 1.7 and 17.0 Ϯ 2.0 mol ⅐ kg Ϫ1 ⅐ min Ϫ1 in P3-P4, respectively, while NHGU in FLUV averaged 19.7 Ϯ 2.8 and 26.6 Ϯ 3.0 mol ⅐ kg Ϫ1 ⅐ min Ϫ1 (P Ͻ 0.05 vs. SAL). Net hepatic carbon retention was greater (P Ͻ 0.05) in FLUV than in SAL (17.6 Ϯ 2.6 vs. 13.9 Ϯ 2.7 and 23.8 Ϯ 3.0 vs. 14.4 Ϯ 3.3 mol ⅐ kg Ϫ1 ⅐ min Ϫ1 in P3-P4, respectively), and final hepatic glycogen concentrations were 50% greater in FLUV (P Ͻ 0.005). Nonhepatic glucose uptake was greater in SAL than in FLUV at 270 min (P Ͻ 0.05). Catecholamine concentrations remained basal, and the animals evidenced no distress. Thus fluvoxamine enhanced NHGU and hepatic carbon storage without raising circulating serotonin concentrations or causing stress, suggesting that hepatic-targeted SSRIs might be effective in reducing postprandial hyperglycemia in individuals with diabetes or impaired glucose tolerance. glycemia; liver; portal vein; hepatic glucose uptake; nonhepatic glucose uptake
INTRAPORTAL INFUSION OF SEROTONIN (5-hydroxytryptamine, or 5-HT) enhanced net hepatic glucose uptake (NHGU) in conscious dogs during a hyperinsulinemic hyperglycemic clamp (22) . These findings suggest that 5-HT might play a role in limiting postprandial glycemic excursions in individuals with type 2 diabetes or impaired glucose tolerance. Good control of glycemia has been documented to reduce the risk of diabetesrelated complications (35) ; because diabetes is a progressive disease, there is a need for a variety of pharmacological tools for diabetes treatment. Thus the effects of 5-HT on hepatic and whole body glucose metabolism are intriguing and invite further study.
Plasma concentrations of catecholamines and cortisol increased during the portal 5-HT infusion (22) , and high concentrations of 5-HT in humans are well known to be associated with abdominal cramping and diarrhea (3, 4) . These side effects limit the administration of 5-HT itself in physiological studies, but there are a variety of agents available that enhance or prolong endogenous 5-HT activity.
The selective serotonin reuptake inhibitors (SSRIs) provide a mechanism for enhancing endogenous 5-HT concentrations without delivering 5-HT itself, thus reducing the side effects associated with high circulating levels of 5-HT. The literature does not provide a definite answer regarding the effects of the SSRIs on glycemia. Bolus intraperitoneal injection of the SSRIs fluoxetine and fluvoxamine into mice produced a doserelated hyperglycemia (38) . However, very large doses were used (5-20 mg/kg in a single bolus dose compared with a therapeutic dose of ϳ0.3 mg⅐kg Ϫ1 ⅐day Ϫ1 for fluoxetine and 1.5-4 mg⅐kg Ϫ1 ⅐day Ϫ1 for fluvoxamine), and hyperglycemia did not occur with either drug at the 5 mg/kg dose. Conversely, intraperitoneal administration of fluoxetine or sertraline (also at very high doses, 30 mg/kg for each drug) reduced glycemia without altering insulin concentrations in both normoglycemic and alloxan-diabetic mice (11) . Furthermore, fluoxetine treatment for 8 wk significantly reduced basal insulin concentrations without altering basal glucose concentrations in both sham-operated and 90%-pancreatectomized rats and also increased glucose disposal during a hyperinsulinemic euglycemic clamp in both groups without changing food intake or body weight significantly (28) . Taken together, these findings suggest that the SSRIs might have insulin-like or insulinsensitizing effects independent of their known ability to reduce body weight (33, 37) . Therefore, we examined the effect of an increase in endogenous hepatic 5-HT, brought about by an intraportal infusion of fluvoxamine, on NHGU and total body glucose disposal (R d ) in conscious dogs during a hyperinsulinemic hyperglycemic clamp.
RESEARCH DESIGN AND METHODS
Animals and surgical procedures. Studies were carried out on 17 conscious 42-h-fasted adult mongrel dogs of either sex with a mean weight of 23.4 Ϯ 1.3 kg. Diet and housing were as previously described (27) , and the protocol was approved by the Vanderbilt University Institutional Animal Care and Use Committee. National Institutes of Health guidelines for the care and use of laboratory animals were followed in all respects, and the housing facility met the standards of, and is regularly inspected by, the United States Department of Agriculture. The 42-h-fast was used because it reduces hepatic glycogen concentrations to a stable minimum (15) and because it causes the liver to become a net consumer rather than a producer of lactate [resembling the metabolic state of the overnightfasted human (19, 20) ].
Approximately 16 days before study, each dog underwent a laparotomy for placement of ultrasonic flow probes (Transonic Systems, Ithaca, NY) around the portal vein and the hepatic artery, as well as for insertion of silicone rubber catheters for sampling in a hepatic vein, the portal vein, and a femoral artery and for infusion into a splenic and a jejunal vein, as described in detail elsewhere (23, 27) . Criteria for study were as previously described (23, 27) .
On the morning of the study, catheters and flow probe leads were exteriorized from their subcutaneous pockets (23, 27) . The splenic and jejunal catheters were used for intraportal infusion of insulin (Eli Lilly, Indianapolis, IN), glucagon (GlucaGen; Bedford Laboratories, Bedford, OH), and fluvoxamine maleate (Tocris, Ellisville, MO). Angiocaths (Deseret Medical, Sandy, UT) were inserted into three peripheral veins.
Experimental design. Each experiment consisted of a 90-min equilibration period (Ϫ120 to Ϫ30 min), a 30-min basal period (Ϫ30 to 0 min), and a 270-min experimental period (0 to 270 min) divided into four subperiods (P1, 0 -90 min; P2, 90 -150 min; P3, 150 -210 min, and P4, 210 -270 min). At Ϫ120 min, a primed continuous infusion of [3- 3 H]glucose and a continuous infusion of indocyanine green (ICG) dye were begun in all dogs (22) . At 0 min, a constant peripheral infusion of somatostatin (0.8 g ⅐ kg Ϫ1 ⅐ min Ϫ1 ) was begun to suppress endogenous insulin and glucagon secretion. Insulin was infused intraportally at 1.2 mU ⅐ kg Ϫ1 ⅐ min Ϫ1 (4-fold basal), and glucagon (0.55 ng ⅐ kg Ϫ1 ⅐ min Ϫ1 ) was replaced intraportally in basal amounts. In addition, a primed continuous variable-rate infusion of 50% dextrose was begun through a peripheral vein to raise and maintain the hepatic glucose load to a rate twofold basal. During P1, all dogs received intraportal saline infusion. At the end of P1, the dogs were divided into two groups. In the SAL group (n ϭ 9), the intraportal saline infusion continued for the remainder of the study. In the FLUV group (n ϭ 8), fluvoxamine was infused into the portal vein at 0.5, 1, and 2 g ⅐ kg Ϫ1 ⅐ min Ϫ1 during P2, P3, and P4, respectively. The intraportal infusion allowed us to target the liver specifically with the fluvoxamine. Fluvoxamine was chosen because of its selectivity for the serotonin receptor over other monoamine receptors (34) and its extensive (ϳ45%) first-pass extraction by the liver (36) , which reduced the potential for circulating fluvoxamine to impact on muscle or adipose glucose uptake. In addition, the dosage was kept low (a total of 0.21 mg/kg over 3 h compared with a usual daily therapeutic dose of 2-4 mg/kg) to reduce the potential for systemic effects of fluvoxamine.
Femoral artery, portal vein, and hepatic vein blood samples were taken every 15-30 min throughout the study as previously described (23, 27) . Arterial blood samples were also taken every 5 min throughout the experimental period to monitor the glucose level (23, 27) . After completion of each experiment, the animal was anesthetized, and biopsies of liver and skeletal muscle (gracilis) were immediately freeze-clamped in situ. The animal was then euthanized with an overdose of pentobarbital sodium.
Processing and analysis of samples. Hematocrit, blood glucose, lactate, and glycerol, and plasma glucose, NEFA, insulin, glucagon, cortisol, catecholamines, and [
3 H]glucose were measured as described previously (23, 27, 31) . 5-HT concentrations were determined on whole blood by an HPLC-amperometric assay (29) with a coefficient of variation of 4%, as previously described (22) . Tissue glycogen concentrations were measured by the method of Keppler and Decker (21) .
Calculations and data analysis. Hepatic blood flow was measured using ultrasonic flow probes and by use of ICG extraction. The two methods yielded similar results, but the data reported here were calculated with the ultrasonic-determined flows, because their measurement did not require an assumption regarding the relative contribution of arterial and portal flow to total hepatic blood flow.
The rate of glucose delivery to the liver (or hepatic glucose load), net hepatic substrate balance, net hepatic fractional substrate extraction, net hepatic carbon retention, hepatic sinusoidal insulin and glucagon concentrations, nonhepatic glucose uptake (non-HGU), glucose turnover, and unidirectional hepatic glucose uptake were calculated as described previously (26, 27) . During the 1st h of glucose infusion, the non-HGU was corrected for the glucose required to fill the pool, using a pool fraction of 0.65 (9) and assuming that the volume of distribution for glucose equaled the volume of the extracellular fluid or ϳ22% of the dog's weight (32) . For all glucose balance calculations, glucose concentrations were converted from plasma to blood values by using correction factors (ratio of the blood to the plasma concentration), as previously established in our laboratory (17, 18, 27) .
Statistical analysis. All data are presented as means Ϯ SE. Time course data were analyzed with repeated-measures ANOVA, and Tukey's test was used for post hoc comparisons (SigmaStat; Jandel Scientific, Chicago, IL). Statistical significance was accepted at P Ͻ 0.05.
RESULTS

5-HT, insulin, glucagon, cortisol, and catecholamine concentrations.
Arterial and portal blood 5-HT concentrations and net hepatic 5-HT output remained basal in both groups throughout all study periods and did not differ significantly between groups at any time ( Table 1) .
The plasma insulin levels increased approximately three-to fourfold and remained stable during P1-P4 in both groups (Table 1) . Arterial and hepatic sinusoidal plasma glucagon concentrations were basal and indistinguishable in both groups throughout the experiments (Table 1) . In both groups, the arterial plasma cortisol and epinephrine concentrations declined from basal during P1-P4. The cortisol and catecholamine concentrations did not differ between groups at any time (Table 1) .
Hepatic blood flow, blood glucose concentrations, and hepatic glucose load. Portal vein blood flow decreased significantly in both groups during P1 as a response to somatostatin infusion and did not change significantly thereafter (Table 2 ). There was a concomitant increase in hepatic artery flow. As a consequence, total hepatic blood flow was relatively stable throughout the experiments within each group. There were no significant differences in blood flow between groups.
Arterial blood glucose levels in both groups increased from a basal value of 4.5 Ϯ 0.1 to ϳ9.3 Ϯ 0.1 mmol/l during all experimental periods (Fig. 1) . The hepatic glucose loads (HGL) did not differ significantly between groups at any time (Fig. 1) . In SAL, the HGL increased from 143 Ϯ 9 (basal) to 275 Ϯ 15 mol⅐kg Ϫ1 ⅐min Ϫ1 in P1-P4, and in FLUV, HGL increased from 155 Ϯ 11 to 286 Ϯ 10 mol⅐kg Ϫ1 ⅐min Ϫ1 . Net hepatic glucose balance and net hepatic fractional glucose extraction. The groups exhibited a similar rate of net hepatic glucose output during the basal period. Coincident with the start of the experimental period, they switched from net production to net uptake, with the rates being no different between groups during P1 (12.9 Ϯ 2.1 and 15.0 Ϯ 2.3 mol⅐kg Ϫ1 ⅐min Ϫ1 in SAL and FLUV, respectively) and P2 (14.4 Ϯ 2.6 and 15.5 Ϯ 2.5 mol⅐kg Ϫ1 ⅐min Ϫ1 , respectively; Fig. 2 ). Subsequently, the rate of NHGU remained relatively stable in SAL (13.9 Ϯ 1.7 and 17.0 Ϯ 2.0 mol⅐ kg Ϫ1 ⅐min
Ϫ1
in P3 and P4, respectively), whereas in FLUV it increased to 19.7 Ϯ 2.8 and 26.6 Ϯ 3.0 mol⅐kg Ϫ1 ⅐min Ϫ1 during P3 and P4, respectively (P Ͻ 0.05 vs. SAL during both periods). Unidirectional (tracer-derived) hepatic glucose uptake revealed similar results (mol⅐kg Ϫ1 ⅐min Ϫ1 in SAL and FLUV, respectively): 13.5 Ϯ 4.6 vs. 22.2 Ϯ 4.7 during P3 and 19.1 Ϯ 2.6 vs. 26.3 Ϯ 4.5 during P4 (P ϭ 0.08 for both periods). The net hepatic fractional extraction of glucose followed a similar pattern, being significantly different between groups during P4 (0.062 Ϯ 0.008 and 0.089 Ϯ 0.010 in SAL and FLUV, respectively; P Ͻ 0.05).
Glucose infusion rates, nonhepatic glucose uptake, glucose rate of appearance, and R d . The glucose infusion rate in both groups increased steadily in a time-dependent manner during P1-P4 and did not differ between groups during any period (Fig. 3) . Nonhepatic glucose uptake (non-HGU) increased over time in SAL (26.1 Ϯ 2.9, 36.1 Ϯ 3.0, 45.7 Ϯ 4.5, and 53.6 Ϯ 7.5 mol⅐kg Ϫ1 ⅐min Ϫ1 during P1-P4, respectively). In FLUV, the non-HGU increased in a similar fashion during P1-P3, but in contrast to SAL, FLUV did not exhibit a significant increase in non-HGU between P3 and P4. The change in non-HGU between P3 and P4 was 8.0 Ϯ 4.0 and 1.6 Ϯ 2.6 mol⅐kg Ϫ1 ⅐min Ϫ1 in SAL and FLUV, respectively (P ϭ 0.09 between groups). Repeated-measures ANOVA indicated a significant group ϫ time interaction, with the final time point being significantly different between groups. Muscle glycogen concentrations tended to be higher in FLUV than in SAL Fig. 1 . Arterial blood glucose and hepatic glucose loads. SAL group (n ϭ 9), receiving intraportal saline during periods (P)1-4 (P1, 0 -90 min; P2, 90 -150 min; P3, 150 -210 min; and P4, 210 -270 min); FLUV group (n ϭ 8), receiving intraportal fluvoxamine during P2-P4. Po, portal; SRIF, somatotropin releaseinhibiting factor. There were no significant differences between groups. . There were no significant differences between groups. *P Ͻ 0.05 vs. basal. Values are means Ϯ SE. SAL dogs (n ϭ 9) received intraportal saline infusion during periods (P)1-4 (P1, 0 -90 min; P2, 90 -150 min; P3, 150 -210 min; and P4, 210 -270 min); FLUV dogs (n ϭ 8) received saline during P1 and intraportal fluvoxamine maleate at 0.5, 1.0, and 2.0 g⅐kg Ϫ1 ⅐min
, respectively, during P2-P4. Negative values indicate net hepatic uptake. There were no significant differences between groups. *P Ͻ 0.05 vs. basal period. 5-HT, 5-hydroxytryptamine (serotonin).
(12.9 Ϯ 0.6 vs. 10.3 Ϯ 1.2 mg/g muscle in SAL and FLUV, respectively; P ϭ 0.09).
Endogenous glucose rate of appearance (R a ) was suppressed to near zero in both groups and did not differ significantly between groups at any time (data not shown). Both groups demonstrated progressive increases in glucose R d during P1-P4, and there were no significant differences between groups at any time (Table 3) . Lactate metabolism, net hepatic carbon retention, and hepatic glycogen concentrations. The arterial blood lactate concentrations were higher in the FLUV group than in SAL during the basal period and P1-P2, but the concentrations did not differ between groups during P3-P4 (Table 3) . After the experimental period began, net hepatic lactate balance changed Fig. 2 . Net hepatic glucose uptake and fractional extraction of glucose. See Fig. 1 for description of study conditions. *P Ͻ 0.05 between groups. Fig. 3 . Glucose infusion rate and nonhepatic glucose uptake. See Fig. 1 for description of study conditions. *P Ͻ 0.05 between groups. Fig. 4 . Net hepatic carbon retention. See Fig. 1 for description of study conditions. *P Ͻ 0.05 between groups. Values are means Ϯ SE. For nonesterified fatty acid (NEFA) data only, n ϭ 7 for both groups. Negative values for balance indicate net hepatic uptake; rates of net hepatic uptake are shown as positive values for substrates for which there was no net release by the liver. *P Ͻ 0.05 vs. SAL. from uptake to output in both groups, and the rates did not differ between groups during any period.
Net hepatic carbon retention did not differ in FLUV and SAL during P1-P2 (Fig. 4) ). Similarly, the hepatic glycogen concentrations at the end of study were 50% greater in FLUV than in SAL (6.3 Ϯ 0.6 vs. 4.2 Ϯ 0.4 g/100 g liver, P Ͻ 0.005).
Glycerol and nonesterified fatty acid metabolism. Arterial glycerol concentrations and net hepatic glycerol uptake were reduced ϳ65-75% by hyperglycemia and hyperinsulinemia (Table 3 ) and remained suppressed in both groups throughout P1-P4. Arterial nonesterified fatty acid (NEFA) concentrations and net hepatic NEFA uptake changed in a manner similar to glycerol, decreasing 80 -90% during P1 in both groups and remaining low for the duration of the experimental period. Arterial NEFA concentrations declined more slowly in the FLUV group than in the SAL group, but the groups had reached similar levels by P3.
DISCUSSION
A twofold increase in the hepatic glucose load in the presence of fourfold basal insulin and basal glucagon concentrations resulted in an NHGU of ϳ13-15 mol⅐kg Ϫ1 ⅐min Ϫ1 in the two groups. During infusion of fluvoxamine at 0.5 g⅐kg Ϫ1 ⅐min Ϫ1 , there was no enhancement in NHGU compared with SAL. However, during fluvoxamine infusion at 1.0 and 2.0 g⅐kg Ϫ1 ⅐min Ϫ1 , NHGU was 42 and 57% (P Ͻ 0.05 for both), respectively, greater than the corresponding rates in SAL. Similar to NHGU, net hepatic carbon retention was virtually identical between the groups during P1 and P2. The enhancement of NHGU was accompanied by an increase in net hepatic carbon retention in the FLUV group (47 and 56% greater in FLUV than in SAL during P3 and P4, respectively, P Ͻ 0.05), as well as a 50% increment (P Ͻ 0.005) in the hepatic glycogen content at the end of study.
In this initial study, we were primarily interested in determining whether fluvoxamine, administered intraportally at any dosage, was capable of stimulating NHGU in a situation mimicking postprandial hormonal and glycemic conditions. Thus we administered fluvoxamine in three increasing steps during P2-P4, and it is not possible to separate the effects of time from those of dosage. Nevertheless, it is possible to conclude that fluvoxamine impacted NHGU positively and that the net result was not a stimulation of glycolysis but instead an increase in hepatic carbon storage. In future studies, we will address the time course of the hepatic response to a single fluvoxamine infusion rate.
The enhancement of net hepatic carbon retention in the present studies contrasts with findings in sham-operated or 90%-pancreatectomized rats given fluoxetine orally for 8 wk.
In the rat studies, the SSRI did not increase hepatic glycogen deposition; although it tended to increase hepatic glucose uptake in both sham and diabetic animals, this did not reach statistical significance. Instead, fluoxetine significantly enhanced skeletal muscle glucose uptake and glycogen deposition while reducing intramuscular triglyceride content (28) . The difference between our findings and those in the rat may reflect the difference between acute and chronic SSRI administration, a difference in dosages (5 mg/kg in the rat, equivalent to ϳ16 times the daily therapeutic dose in the human and much greater in relative terms than the amount infused in the dog), or differences in fluoxetine and fluvoxamine action. With regard to the latter possibility, acute administration of fluoxetine and fluvoxamine to mice produced virtually identical effects on blood glucose at equal dosages. However, fluvoxamine's effects could be blocked by the 5-HT-depleting agent p-chlorophenylalanine methyl ester hydrochloride, whereas the effects of fluoxetine could not, suggesting that the glycemic effects of the two SSRIs occur via different mechanisms (38) .
The magnitude of the increases in NHGU and net hepatic carbon retention during infusion of fluvoxamine at 2 g⅐kg Ϫ1 ⅐min Ϫ1 was similar to those we observed during intraportal infusion of 5-HT at 40 g⅐kg Ϫ1 ⅐min Ϫ1 . Fluvoxamine does not stimulate release of endogenous 5-HT but instead delays its reuptake into the presynaptic nerve endings. The effects of fluvoxamine on the liver could have resulted either from enhancement of a direct effect of endogenous 5-HT on the hepatocytes or as a result of a secondary signal initiated elsewhere. With regard to a potential direct effect of 5-HT on hepatocytes, the 5-HT 2B receptor is known to be expressed in greatest abundance in the liver and kidney in humans (6) . With regard to the second possibility, Niijima (25) determined that intraportal injection of 5-HT resulted in a decrease in the afferent firing rate in the hepatic branch of the vagus nerve and a stimulation of efferent firing in the pancreatic branch of the vagus, similar to the effect of intraportal glucose injection (24), suggesting a mechanism by which 5-HT in the hepatoportal region could elicit a neural signal to enhance NHGU. Alternatively, fluvoxamine itself could have a direct effect on the liver. Although this possibility is suggested by the fact that net hepatic 5-HT output did not increase during fluvoxamine infusion, net hepatic balance is not likely to be a sensitive measure of the output of a neurotransmitter that can undergo both release and extraction within a single organ (2, 5) .
At the highest infusion rate, fluvoxamine reduced glucose uptake in the nonhepatic tissues ϳ25% compared with the corresponding rate in SAL (although post hoc analysis indicated that only the last time point was statistically different). This decrease offset the increase in NHGU so that total body glucose disposal was the same between groups, as evidenced by the comparable glucose infusion rates and glucose R d in the two groups. We observed a blunting of non-HGU during the infusion of 5-HT as well (22) , but in those studies the circulating catecholamine concentrations rose significantly with the higher rates of infusion and might have been responsible for reducing non-HGU. However, there were no elevations in circulating catecholamine concentrations observed in response to fluvoxamine infusion. It is possible that fluvoxamine, acting at target sites in peripheral tissues, had a direct effect to reduce glucose uptake by skeletal muscle, the primary insulin-sensitive peripheral tissue in the dog. This explanation seems unlikely, however. We infused the fluvoxamine directly into the portal circulation at a low rate; oral doses of the drug undergo extensive first-pass extraction by the liver, the major route of elimination, and numerous metabolites of fluvoxamine are produced, none of which is believed to be active (16) . Alternatively, the tendency toward reduction of non-HGU with the highest rate of fluvoxamine infusion might have resulted from a secondary effect of 5-HT. Circulating concentrations of 5-HT did not rise, but it is conceivable that local concentrations in the skeletal muscle were elevated secondary to a centrally mediated reflex. 5-HT is reported to have either no effect (30) or a stimulatory effect (14) on glucose uptake in isolated skeletal muscle. However, it has vasoactive effects in skeletal muscle in vivo, causing the channeling of blood away from the vessels supplying oxygen and nutrients to skeletal muscle ("nutritive flow") and into other vessels (those supplying connective tissue and associated adipocytes, creating "nonnutritive flow") and reducing muscle and hindlimb nutrient uptake (8, 30) . Finally, it is worth noting that our laboratory (1, 17, 18) has previously observed a reciprocal relationship between hepatic and peripheral glucose uptake, such that when NHGU is stimulated by the presence of the "portal signal," there is a concomitant decrease in non-HGU. Thus the presence of an integrated mechanism for partitioning glucose disposal among the tissues in the postprandial state may explain the tendency toward suppression of non-HGU concomitant with stimulation of NHGU in the FLUV group. The glycogen concentrations in the single skeletal muscle examined actually tended to be higher (ϳ30%) in FLUV than in SAL, suggesting that a process other than glucose storage might be affected by fluvoxamine.
There was a tendency (not statistically significant) for epinephrine to be higher in the FLUV group throughout the study and for cortisol concentrations to be higher in the basal period and in P1-P3. However, there is no evidence that fluvoxamine stimulated adrenal hormone release, as the concentrations of cortisol and epinephrine tended to be higher in the FLUV group during the basal and P1 periods, when there was no difference in treatment of the two groups. Moreover, the concentrations of these hormones declined over the course of the study in both groups, with FLUV exhibiting a greater decline than SAL. Although chronic elevation of cortisol stimulates NHGU, short-term (similar to the duration of the current studies) cortisol elevation has no discernible impact on NHGU (13) . The direct effect of epinephrine on the liver is to stimulate glycogenolysis (7); thus, to the extent that a physiological differential in concentrations existed between FLUV and SAL, it would have minimized any difference in NHGU between the groups. Thus there is little risk that the tendency of cortisol and epinephrine to be higher in the FLUV group was responsible for the enhancement of NHGU we observed in that group.
Other than a possible role in inhibition of peripheral glucose uptake, fluvoxamine had no apparent systemic effects. In contrast to intraportal 5-HT delivery, which was accompanied by a marked stimulation of lipolysis, as evidenced by increased glycerol and NEFA concentrations, lipolysis was suppressed similarly in the FLUV and SAL groups. Thus the lipolytic response evident during 5-HT infusion (22) was likely due to the increases in catecholamine release. Alternatively, the high circulating levels of 5-HT achieved during intraportal 5-HT infusion may have had direct lipolytic effects.
In conclusion, intraportal infusion of fluvoxamine enhanced NHGU under hyperglycemic hyperinsulinemic conditions. At the same time, it brought about an offsetting decrease in non-HGU so that total body glucose disposal was not different than in control dogs. During fluvoxamine infusion, there were no elevations of stress hormones such as we had observed during 5-HT infusion. No gastrointestinal side effects of fluvoxamine were observed. Taken together with our previous work (22) and data from the mouse (10), these findings indicate that 5-HT can play a role in directing glucose into the liver and stimulating its storage there. That these effects are seen with an SSRI, with no acute adverse effects and no differences between groups in insulin concentrations, suggests that compounds that can raise endogenous hepatic serotonin concentrations [specifically, a hepatic-targeted agent with SSRI-like activity (12) ] might have a role in reducing postprandial hyperglycemia in individuals with type 2 diabetes.
